Objectives: To compare results of amoxicillin/clavulanate susceptibility testing using CLSI and EUCAST methodologies and to evaluate their impact on outcome in patients with bacteraemia caused by Enterobacteriaceae.
Introduction
Clinical breakpoints for the interpretation of antimicrobial susceptibility testing of microorganisms in the laboratory are set by international expert committees to help guide clinical decisions in antimicrobial therapy. 1 EUCAST 2 and CLSI 3 use a range of information to do this, including: MIC distributions for large collections of microorganisms; genotypic resistance markers; pharmacokinetic and pharmacodynamic properties of the antimicrobials; and clinical outcomes observed in patients relative to MIC values, when available. 1, 4 Unfortunately, clinical data supporting the establishment of clinical breakpoints are usually lacking particularly for older drugs, so that in vitro data, animal experiments and pharmacokinetic and pharmacodynamic stochastic models are frequently the only data available for these decisions. 5 Amoxicillin/clavulanate is a broad-spectrum b-lactam/ b-lactamase inhibitor combination with activity against Gramnegative and -positive bacteria. EUCAST recommends using a fixed concentration of 2 mg/L clavulanate for susceptibility testing of the amoxicillin/clavulanate combination; Enterobacteriaceae with MICs 8/2 mg/L are considered as susceptible and those with MICs .8/2 mg/L are considered as resistant for invasive infections. 3 The rationale for using a fixed concentration for clavulanate in EUCAST recommendations is based on the fact that a minimum concentration of the drug is needed to exert its inhibitory effect on b-lactamases; such concentrations would not be reached for low concentrations of amoxicillin if using a 2:1 ratio. Previous studies on Escherichia coli isolates have shown low agreement between the results obtained with the two methods, with EUCAST methodology providing higher rates of resistance; 6 ,7 data on other Enterobacteriaceae and a more detailed analysis of the clinical implications of the results obtained using these two methods are needed.
The objective of this study was to evaluate the impact of amoxicillin/clavulanate MIC values on the clinical outcome of patients with bacteraemia caused by Enterobacteriaceae when treated following the recommendations of these two methodologies.
Patients and methods
This study forms part of the Bacteraemia-MIC project, aimed at investigating the impact of the MICs of different antimicrobials on the outcome of bacteraemia due to Enterobacteriaceae, 8 and was designed as a prospective observational multicentre cohort study, conducted between January 2011 and December 2013 at 13 Spanish university hospitals belonging to the Spanish Network for Research in Infectious Diseases (REIPI) (www.reipi. org). Patients aged .17 years with monomicrobial bacteraemia due to Enterobacteriaceae, and monotherapy with a b-lactam or fluoroquinolone as initial treatment were identified by daily communication with the microbiology laboratory; patients were included in the Bacteraemia-MIC database if the first antibiotic dose was administered in the first 12 h after blood cultures were obtained and for at least 48 h. Patients with any of the following criteria were excluded: transient bacteraemia (occurring after an invasive procedure such as digestive tract endoscopy that cleared without treatment and had no complications); polymicrobial bacteraemia; nonhospitalized patients; patients with do-not-resuscitate orders; neutropenic patients (total neutrophil count ,500/mm 3 ); and survival ,24 h after blood cultures were obtained. In this analysis, only patients initially treated with intravenous amoxicillin/clavulanate in monotherapy for at least 48 h were included; patients could be changed later to another antibiotic.
Ethics
The study was approved by the Ethics Committee of the Hospital Universitario Virgen Macarena, which waived the need to obtain consent because of the observational nature of the study.
Variables and definitions
The outcome variables were: (i) clinical response at the end of treatment with amoxicillin/clavulanate; (ii) clinical response at day 21, irrespective of whether amoxicillin/clavulanate continued for the full course of treatment or was changed to another antibiotic; and (iii) all-cause 30 day mortality.
Clinical response at the end of therapy with amoxicillin/clavulanate was classified as: (i) 'clinical cure' if all symptoms and signs of infection were completely resolved and no further antibiotics were needed; (ii) 'improvement' if all symptoms and signs of infection were completely or partially resolved and antibiotic therapy for the episode was continued with another drug because of one of the following reasons: (a) de-escalation, (b) switch to an oral drug, (c) change to a more convenient parenteral drug for outpatient therapy, or (d) reported in vitro resistance to amoxicillin/clavulanate; and (iii) 'failure', if a switch to, or addition of, another antibiotic was needed because infection-related symptoms or signs worsened or persisted, or death from any cause occurred. Clinical response at day 21 was classified as: (i) 'clinical cure' if all symptoms and signs of infection were completely resolved and all antibiotics were stopped; (ii) 'improvement' if symptoms and signs of infection improved, but had not completely resolved; and (iii) 'failure' if there were persistent, recurrent or new symptoms or signs present related to the infection, or death occurred. Clinical response at the end of treatment with amoxicillin/clavulanate and at day 21 was determined by a trained clinical investigator at each site; however, because of the subjectivity of this endpoint, one investigator (J. R. B.), blinded with respect to exposure (MIC of amoxicillin/clavulanate), assessed the clinical response data of all cases according to vital signs, evolution of Pitt 9,10 and SOFA 11 scores, and laboratory data at the end of treatment with amoxicillin/clavulanate and at day 21. When the assessment of clinical response made by the blind investigator differed from the one indicated by the local investigator, a query was sent to the local team with the indication to review the case, and agreement was reached based on available data. Data collected included: patient demographics; height; weight; site of acquisition, classified as community, healthcare-associated or nosocomial according to Friedman's criteria; 12 chronic underlying diseases; severity of underlying condition according to the Charlson score 13 and McCabe classification; 14 severity of acute condition according to Pitt and SOFA scores; invasive procedures; source of bacteraemia according to standard clinical and microbiological criteria; 15 severity of systemic inflammatory response syndrome at presentation, classified as sepsis, severe sepsis or shock; baseline creatinine level; aetiology; treatment; and outcome. Vital signs were recorded daily, if available, until day 7, and thereafter weekly; Pitt and SOFA scores were recorded at the end of therapy with amoxicillin/clavulanate and at days 14 and 21, and all key laboratory data were recorded as available. Patients were followed for 1 month after the onset of bacteraemia to assess clinical outcome, including mortality.
Microbiological studies
The first blood isolate from each patient was frozen at #80 C and sent to the reference laboratory (Hospital Universitario Virgen Macarena), where identification was confirmed and the amoxicillin/clavulanate MIC for each isolate was determined by manual broth microdilution following EUCAST and CLSI methodologies. 16, 17 Briefly, amoxicillin (Sigma-Aldrich, Madrid, Amoxicillin/clavulanate MIC related to bacteraemic outcome JAC Spain) MICs in the presence of potassium salt clavulanate (Sigma-Aldrich) were determined by standard broth microdilution (BBL-Mueller-Hinton II cation-adjusted broth; Becton-Dickinson, Madrid, Spain). For the EUCAST methodology, panels were freshly prepared with a range of concentrations of amoxicillin, from 0.03 to 64 mg/L, and a fixed 2 mg/L concentration of clavulanate, while for CLSI, the panels were freshly prepared using amoxicillin/clavulanate in a 2:1 ratio with the same range of concentrations. E. coli ATCC 25922 and E. coli ATCC 35218 were used as the control strain in microdilution. The reading of the results was performed fully manually by three independent researchers. ESBL production was determined by standard phenotypic methods. 18, 19 PCR assays were used to characterize b-lactamase genes. PCR conditions and previously described group-specific primers covering the most frequent ESBLs in our area (SHV, 20 CTX-M-9, 21 CTX-M-1 22 and TEM
20
) were used to amplify the bla genes, and the amplicons were sequenced. When OXA-1 production was suspected, the presence was determined by PCR with specific primers. 23 
Statistical analysis
Discrepancies between susceptibility methods were analysed by means of essential and categorical agreement. Essential agreement referred to amoxicillin concentration and was considered when the same MIC values (+1 dilution) were obtained for both microdilution methods, using EUCAST as the reference. The kappa index was used to evaluate concordance. 24 For categorical agreement, MICs were classified into clinical categories according to EUCAST and CLSI interpretive criteria; 19 ,25 very major, major and minor errors were calculated according to established guidelines, with EUCAST considered as the reference method. 26 For analysis of the independent impact of MIC breakpoints on outcome, a univariate analysis of associated variables was first performed; proportions were compared using the v 2 or Fisher's exact test as appropriate. MIC breakpoints potentially predictive of clinical outcomes were initially explored by classification and regression tree (CART) analysis (CART software 7.0, Salford Systems) for both CLSI-and EUCAST-derived MICs once converted into their base 2 logs; however, the different breakpoints recommended by CLSI and EUCAST, as well as others, were also tested. The independent association between MIC values (base 2 log) or specific breakpoints and the different outcomes were assessed by multivariate logistic regression. Potential confounders (age, Charlson index, Pitt score, presentation with severe sepsis or shock, source, Enterobacteriaceae and site) were included in the models if their univariate P value was ,0.1. To control for the site effect, participating centres were classified into those with lower and higher rates of the different outcomes after considering all other variables using TreeNet (Salford Systems). Interaction between MIC breakpoints and source was also investigated. The variables in the final model were selected by a stepwise backward procedure; variables with P , 0.1 were kept in the models. The MIC breakpoint was always kept. Subgroup analyses of patients with and without a urinary tract source, and with urinary or biliary tract sources were also performed. All analyses were performed using SPSS 18.0.
Results

Description of the cohort
During the study period, 1058 episodes of bacteraemia due to Enterobacteriaceae were included in the Bacteraemia-MIC cohort. Of these, 264 were initially treated with amoxicillin/clavulanate and included in this analysis. Demographic, epidemiological, clinical and microbiological data and the outcomes of episodes are shown in Table 1 . The most common source of bacteraemia was the urinary tract. E. coli and Klebsiella pneumoniae were the most frequent pathogens. ESBL-producing Enterobacteriaceae were identified in 15 (5.7%) episodes: nine were E. coli, five K. pneumoniae and one Proteus mirabilis (4.5%, 14.7% and 9.1% of total specific species, respectively). The ESBL genes were bla CTX-M-15 (seven isolates), bla CTX-M-14 (two), bla CTX-M-1 (one) and bla SHV-12 (five). The OXA-1 gene was detected in five (1.9%) isolates, all of which were also ESBL producers (four E. coli and one K. pneumoniae).
The median duration of therapy with amoxicillin/clavulanate was 4 days for 135 patients who were changed to another drug and 11 days for those treated with amoxicillin/clavulanate for the whole course of treatment. The most frequent dose was 1 g of amoxicillin plus 0.2 g of clavulanate (1.2 g) every 8 h intravenously; we have no information about the reasons why some patients were administered 2.2 g every 8 h; finally, some patients received other doses because of adjustments due to renal insufficiency. The most common reasons for switching from amoxicillin/clavulanate to another drug were: report of resistance, 41 patients (15.5%); de-escalation, 39 patients (14.8%); and unsatisfactory clinical evolution, 31 patients (11.7%). The most frequently used antibiotics after amoxicillin/clavulanate were cephalosporins (31.1%), fluoroquinolones (29.6%), carbapenems (20.7%) and piperacillin/tazobactam (13.3%). Figure 1 shows the MIC distributions according to the CLSI and EUCAST methods. Overall, the essential agreement was 73.1% and categorical agreement was only 65.5%. The kappa index was 0.24, indicating weak concordance. Taking the EUCAST criteria as reference, there were 45 (17%) very major errors, 1 (0.4%) major error and 45 (17.0%) minor errors. For E. coli, essential agreement was 74.3% and categorical agreement was 58.9%; the kappa index was 0.19. For Enterobacteriaceae other than E. coli, the percentages for essential and categorical agreement were 69.4% and 87.1%, respectively, and the kappa index was 0.28.
MIC distributions and concordance between CLSI and EUCAST methodologies
The data for specific microorganisms are shown in Table 2 . E. coli and Klebsiella spp. were more frequently considered resistant by EUCAST than by CLSI, although Proteus spp. was more frequently susceptible. All other Enterobacteriaceae were resistant by both methods.
We analysed the crude outcomes of patients with bacteraemia due to isolates with concordant and discrepant categories. 
Association of CLSI-derived MICs and outcomes
Associations between MICs and categories obtained with CLSI methodology and outcomes are shown in Table 3 and Figure 2 . Crude comparisons of outcomes according to recommended breakpoints are also shown in Table 3 ; only failure at the end of Delgado-Valverde et al. We first analysed MIC .8/4 mg/L, which is the present CLSI breakpoint for non-susceptibility, which was also selected by exploratory CART analysis as predictive of failure at the end of therapy with amoxicillin/clavulanate. The characteristics of patients with isolates showing MICs 8/4 mg/L (n " 167) or .8/4 mg/L (n " 97) are compared in Table 1 . Several differences were found: nosocomial infection, major surgery and specific aetiologies (Enterobacter cloacae, Serratia marcescens) were more frequent in the MIC .8/4 mg/L group. The failure rate at the end of treatment with amoxicillin/clavulanate was significantly higher in the MIC .8/4 mg/L group in crude analysis (22.7% versus 13.2%, RR " 1.72; 95% CI: 1.00-2.94; P " 0.04) and in adjusted analysis (Table 4 ). An MIC .8/4 mg/L was not predictive of failure at day 21 or mortality in multivariate analyses (Table 4) . Subgroup analyses of patients according to the source of bacteraemia showed similar results (data not shown).
Multivariate analysis was also performed using MIC .16/8 mg/L as the breakpoint, which is the CLSI breakpoint for resistance; no association with any studied outcome could be identified (Table 4) .
Exploratory CART analysis selected .4/2 mg/L as a predictor of failure at day 21; the rates of failure were 2.1% (2 of 95) for MIC Data are expressed as number of patients (%) except where specified. 
Association of EUCAST-derived MICs and outcomes
The associations between MICs obtained with EUCAST methodology and outcomes are shown in Table 3 and Figure 2 . Crude comparisons of outcomes according to recommended breakpoints are also shown in Table 3 ; no statistically significant differences between susceptible and non-susceptible isolates were found. Considered as a continuous variable, base 2 log-converted MIC obtained with EUCAST methodology was associated with failure at 16.00 32.00 64.00 128.00 Figure 2 . Outcome of patients with bacteraemia due to Enterobacteriaceae treated with amoxicillin/clavulanate according to MIC, as determined by CLSI or EUCAST. Data are presented as percentage of patients with the specified outcome. Numbers of patients at each MIC value are specified in Table 3 .
Delgado-Valverde et al.
the end of therapy with amoxicillin/clavulanate (OR per increase in MIC value " 1.22; 95% CI: 1.03-1.43; P " 0.01) and at day 21 (OR " 1.42; 95% CI: 1.06-1.92; P " 0.01), but not with mortality (OR " 1.06; 95% CI: 0.85-1.33; P " 0.57). No significant association could be found with MIC .8/2 mg/L (present breakpoint recommended by EUCAST for resistance) and any of the outcomes investigated (Table 4) .
Exploratory CART analysis selected .32/2 mg/L as predicting failure at the end of therapy with amoxicillin/clavulanate. The features of patients with isolates showing MIC 32/2 mg/L and .32/2 mg/L are shown in Table 1 . Higher rates of failure were observed in the high MIC group in crude analysis at the end of treatment with amoxicillin/clavulanate (12.7% versus 26.7%; RR " 2.10; 95% CI: 1.23-3.56; P " 0.006) and at day 21 (3.2% versus 12.0%, RR " 3.78; 95% CI: 1.39-10.25; P " 0.01). The differences were not significant for mortality (5.8% versus 10.7%, RR " 1.83; 95% CI: 0.76-4.37; P " 0.17). By multivariate analysis (Table 4) , isolates with MICs .32/2 mg/L remained independently associated with a higher risk of failure at the end of treatment with amoxicillin/clavulanate and at day 21 (Table 4) . However, subgroup analysis showed that isolates with MICs .32/2 mg/L were associated with failure at the end of therapy with amoxicillin/ clavulanate in patients with a urinary or biliary tract source (adjusted OR " 2.34; 95% CI: 1.00-5.44; P " 0.04), but the association was not significant for other sources (adjusted OR " 1.83; 95% CI: 0.44-7.61; P " 0.4). MIC .32/2 mg/L also showed independent association with failure at day 21, but not with mortality (Table 4) .
We also investigated lower breakpoints. Importantly, MIC .16/2 mg/L was also associated with crude higher risk of failure at the end of treatment with amoxicillin/clavulanate (12.4% versus 23.3%; RR " 1.88; 95% CI: 1.09-3.21; P " 0.02) and at day 21 (3.1% versus 9.7%; RR " 3.12; 95% CI: 1.10-8.84; P " 0.02), but not with mortality (6.2% versus 8.7%; RR " 1.40; 95% CI: 0.59-3.34; P " 0.4). The associations with failure at the end of treatment with amoxicillin/clavulanate and at day 21 were was also significant in multivariate analysis (Table 4) . Stratified analysis according to source (urinary tract or others) did not change the results.
Discussion
There are few clinical data available to support the establishment of susceptibility breakpoints for most antimicrobial agents due to the difficulties of performing studies that address this issue. It would be impossible, as well as unethical, to randomize patients for empirical therapy by MIC, and post-hoc analyses of patients included in randomized trials are usually limited by the fact that the most severely affected patients or those with resistant isolates are typically underrepresented. Well-designed observational studies could be useful for this purpose, although designing such studies also presents challenges. Several aspects must be taken into account. First, only patients treated in monotherapy with the antibiotic of interest should be included; second, all patients should receive the antibiotic early enough and for a minimum period to allow the activity to be measured; third, the reasons for changing to another antibiotic should be assessed; fourth, the outcomes should be appropriately chosen to measure the effect; and fifth, the effect of confounders should be controlled for.
The Bacteraemia-MIC project was specifically designed to investigate the impact of MICs of b-lactams and fluoroquinolones on the outcome of patients with bacteraemia due to Enterobacteriaceae. We focused, in this analysis, on amoxicillin/clavulanate because it is commonly used in many countries, and because the methods recommended by CLSI and EUCAST for susceptibility assays and clinical breakpoint values differ.
The results obtained from this study showed significant discrepancies and there was low overall agreement for susceptibility data obtained using CLSI and EUCAST methodologies; this resulted in a higher percentage of resistant isolates for E. coli and Klebsiella spp. and a lower one for Proteus spp. when EUCAST methodology was used. Two previous studies including only E. coli isolates showed higher resistance rates with EUCAST. 6, 7 These data have very important implications for surveillance of resistance and antibiotic use; surveillance systems should specify the methodology used and take into account that whenever EUCAST criteria are applied, higher rates of resistance to amoxicillin/clavulanate should be expected for E. coli and Klebsiella spp. In addition, empirical and targeted therapy with amoxicillin/clavulanate would be less frequently recommended if EUCAST is used.
To the best of our knowledge, this is the first study to include a detailed prospective clinical evaluation of patients with bacteraemia due to Enterobacteriaceae and treated with amoxicillin/ clavulanate with the specific objective of investigating the impact of MIC on outcome. Several features of the cohort, even though it was typical of infection studies, should be taken into account when interpreting the data: first, a high proportion of the cases were due to E. coli and representation of other Enterobacteriaceae was therefore limited; second, the most frequent source of bacteraemia was the urinary tract, which has better expected outcomes than other sources; and third, severe sepsis or septic shock were not frequent. This probably explains the low rate of clinical failures and mortality found even in the resistant subgroups. MIC was not therefore expected to have a clear impact on mortality, and clinical failure was also assessed as an outcome. Because clinical failure is prone to subjective interpretations, to try and limit investigatorderived information bias, objective data were collected for use by a blind investigator to check the outcomes determined by the local investigators. In addition, because antibiotic therapy is frequently changed during the course of infection, we assessed clinical failure at the end of therapy with amoxicillin/clavulanate and at day 21. We expected failure at the end of therapy with amoxicillin/clavulanate to be most directly associated with amoxicillin/clavulanate activity, because a change to another drug is expected to cure eventually the patients who survive. The definition for this outcome considered any change of antibiotic where the patient was not clearly improving as a failure, to be as sensitive as possible in detecting what was considered as failure in clinical practice.
Overall, our results suggest that EUCAST-derived MICs were more predictive of outcomes. Interestingly, EUCAST-derived MIC values were predictive of outcome when considered as a continuous variable, while CLSI-derived MIC values were not. The failure rates for patients with isolates with discrepant CLSI and EUCAST susceptibility results lay between those that were susceptible and resistant according to the two methodologies, although the differences were not statistically significant, which may be due to the lack of statistical power. Because all failures among discrepant isolates occurred with borderline MICs (8/4-16/8 mg/L) using CLSI criteria, this would suggest using caution when interpreting CLSI results with borderline MICs until more data become available.
Amoxicillin/clavulanate MIC related to bacteraemic outcome
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The CART analysis for CLSI-derived MICs suggested the currently recommended breakpoint (non-susceptible, .8/4 mg/L) as predictive of failure at the end of therapy with amoxicillin/clavulanate. When confounders were taken into account, however, the estimate was less precise as the 95% CI was wider and the association was borderline significant. In any case, we think that these results tend to reinforce the fact that isolates with MICs .8/4 mg/L should not be considered as susceptible when using CLSI methods. We were unable to find any crude or adjusted association between this breakpoint and failure at day 21 or mortality. Interestingly, isolates from patients with sources other than the urinary or biliary tract and with MICs .4/2 mg/L showed an independent trend towards higher risk of failure at day 21. Despite the limitation inherent to low number of cases with other sources, caution should be exercised with patients with these infections and with borderline MICs using CLSI criteria.
On the other hand, the breakpoint for failure identified by CART analysis for EUCAST-derived MICs (.32/2 mg/L) is two dilutions higher than the actual breakpoint for resistance (.8/2 mg/L), but is the recommended breakpoint for uncomplicated urinary tract infections. Importantly, the results of multivariate analysis supported .32/2 mg/L as an independent predictor of failure at the end of treatment with amoxicillin/clavulanate in patients with urinary or biliary tract infections; therefore, the latter types of infection might be treated with intravenous amoxicillin/clavulanate, even with MICs up to 32/2 mg/L. However, as MIC .16/2 mg/L was also independently associated with failure, this latter breakpoint is probably more reasonable and safer for all types of infection. Importantly, the present breakpoint recommended by EUCAST (.8/2 mg/L) did not show any predictive effect on any of the outcomes measured. A previous study with fewer patients showed a higher failure rate for patients with isolates with MICs .8/2 mg/L using EUCAST; in that study, however, only episodes caused by E. coli were included, an automated system and gradient test (Etest V R ) were used to determine the MIC, and the definitions of outcome were different. 7 Our results would suggest that the EUCAST breakpoint for invasive infections might need to be reconsidered.
For interpretation of the data, it should be kept in mind that most patients were treated with 1.2 g every 8 h. Because some patients were administered 2.2 g every 8 h, we explored dosing as a potential confounder, but we found no crude association or trend with any of the outcomes. Nevertheless, we performed additional multivariate analysis introducing this variable, but it showed no statistically significant influence on any outcomes or modification effect (interaction) with MIC values (data not shown).
This study has some limitations that should be taken into account. Despite the high number of patients included, the statistical power was limited for some subgroup analyses. The results would apply mainly to the type of patients included here and to the most frequent sources of bacteraemia and severity at presentation as shown by the fact that the rate of failure in our cohort was low even in patients with resistant isolates. We included patients in whom amoxicillin/clavulanate was changed to another antibiotic for various reasons, which gave our results greater external validity, but jeopardized their internal validity. Finally, we used MIC values as a continuous variable for some analysis, which is subject to debate; however, it should be noted that it is not usually possible to analyse this variable as a discrete categorical variable in clinical studies, as was the case in this one, because of the low number of cases for most of the MIC values.
In conclusion, CLSI and EUCAST methodologies showed low agreement when determining the MICs of amoxicillin/ clavulanate and interpreting susceptibility; EUCAST MICs were associated with outcomes when considered as a continuous variable while CLSI ones were not. The present CLSI breakpoint (.8/4 mg/L) was only borderline predictive of failure at the end of therapy with this drug; an MIC .16/2 mg/L using EUCAST methodology was independently associated with failure at the end of therapy with amoxicillin/clavulanate and at day 21. However, because of the high proportion of cases with a urinary tract source, more studies are needed in patients with bloodstream infections from other sources.
